In the expendable pattern casting (EPC) process for the aluminum alloy casting, the thermal decomposition rate of the expendable pattern is smaller than the cast iron, therefore the misrun by the temperature drop at the melt surface occurs easily. This study takes account of the control of the heat release to the mold to investigate numerically and experimentally the effect of the coat permeability on the molten aluminum alloy temperature during mold filling in the EPC process. An aluminum alloy plate was cast by the EPC process, and the temperature change of the melt surface to the melt flow direction was measured. The use of high permeability coat led to a higher melt velocity and a smaller temperature drop at the melt surface than the case of the normal permeability coat. The temperature of molten metal filling into the cavity was numerically simulated, and the obtained temperature drop at the melt surface agreed relatively well with the experimental values.
Introduction
Large amounts of aluminum alloy have been used for high fuel efficiency in automobile parts. The expendable pattern casting (EPC) process is very attractive, particularly in the casting of thin-wall components with a complex shape such as automobile parts. 1, 2) However, when the aluminum alloy was cast by the EPC process, the low molten metal temperature resulted in a lower thermal decomposition rate of the expendable polystyrene (EPS) pattern and a lower melt velocity than the cast iron. Therefore, particularly at the melt surface, the time of heat release to the mold becomes long, and the misrun by the temperature drop occurs easily. There is comparatively little research on the fluidity mechanism of the molten metal 3, 4) and the heat transfer from the molten metal to the mold 5, 6) in the EPC process. In this work, by taking account of the control of the heat release to the mold through the coat, two kinds of approaches for the coat were carried out. The first method that has been reported 5, 6) is the application of a high insulating coat for the heat release rate decrease to the mold. The use of a high insulating coat led to a smaller temperature drop at the melt surface than in the case of the normal coat. The second method examined in this paper is the application of a high permeability coat for shortening the heat release time by the increase of the melt velocity. This paper examines experimentally and numerically the effect on the decrease in the melt temperature drop by using a high permeability coat. The numerical predictions for the temperature of the molten metal filling into the cavity were obtained and compared with the experimental results of the melt surface temperature. Figure 1 shows the schematic diagram for the casting apparatus used in experiments which is similar to the previous report.
Experimental Procedure
6) The steel mold flask is a cylindrical vessel with the inside diameter of 200 mm and depth of 300 mm.
The EPS pattern has a plate shape of 70 mm wide, 200 mm high and 10 mm thick, and has an expansion ratio of 60. The cluster of the bottom pouring system was assembled. Three kinds of coat were used in this study as shown in Table 1 . The first coat is the silica base coat which is generally used in cast iron etc. (normal coat). The second coat is the silica base coat with a high permeability which is ) defined in the following equation using the coat thickness ¤ cm, the volumetric gas flow rate per unit area v cm/min and the differential pressure "P cmH 2 O.
K ¼ ¤v=ÁP
The thermal conductivity of a high permeability coat is almost the same as the normal coat, because both coats are silica base. The third coat is the mica base coat with a high void fraction and a high heat insulation for light metals such as an aluminum alloy (high insulating coat), and was for examining the effect of a coat insulating in the previous work. 5, 6) The thermal conductivity of the high insulating coat is about 1/3 of the normal coat 5) and the permeability is about 1/3 of the normal coat. The thermal conductivities of the coat in Table 1 were measured by the transient hot wire method 8) based on JIS R2618. These values of the thermal conductivity are not largely different compared with the values in the previous study 5) which were estimated from the relationship between the cooling rate of the molten aluminum alloy and the coat thickness using the metal mold coated by the test coat. Each coat was coated so that the coat thickness after drying was about 1 mm.
The silica sand with AFS grain fineness number 62 was poured into the flask. AC2A in the JIS aluminum alloy was melted in the high frequency electric induction furnace and directly cast from the furnace. The pouring temperature was set at about 1073 K. The atmospheric pressure was applied as the condition of the pressure in the flask. In order to measure the temperature change of the melt surface relative to the melt flow direction, K-type thermocouples were set in the EPS pattern at 10, 55, 100, 145, 190 mm from the ingate as shown in Fig. 1 . The thermocouple was 0.36 mm in diameter and shielded by a two-holed protection tube of 3 mm in the outside diameter, but the thermocouple junction was unprotected in order to decrease the response delay.
Analytical Procedure
The case in which the molten aluminum alloy replaces above in the EPS pattern of a semi-infinite plate as shown in Fig. 2 , was considered. 6) In Fig. 2 , x is the distance of a thickness direction from the center of the semi-infinite molten metal, d/2 is the half thickness and y is the distance from the inlet of the molten metal. In this case, the conductive heat transferred from the molten metal to the mold through the coat, can be formulated as:
Mold:
where t is the time, T is the temperature, , c and μ show the thermal conductivity, the specific heat and the density respectively, and subscript 1, 2, and 3 show the value in the molten metal, the coat and the mold respectively. In the previous work, 6) since the phenomenon in the short time during mold filling was considered, the heat transfer coefficient in the molten metal-coat interface was assumed to be h = 2000 W/m 2 K without an air gap. 9) However, since the calculated values of temperature change at the melt surface was considerably larger than the experimental data, in this work, this heat transfer coefficient was assumed to be h = 350 W/m 2 K considering the interface resistance of an air gap. 9) In this analysis, because the phenomenon in the short time during mold filling is considered, most of the temperature change is in the molten metal-coat interface and the coat. Therefore, it was considered that the thermal resistance at the coat-mold interface was not significant. In the molten metal center (x = 0) and the external wall of the mold, the adiabatic condition was applied. In the melt surface, the adiabatic condition was applied assuming that the effect of the heat loss by the thermal decomposition of the EPS pattern on the temperature drop at the melt surface was not significant.
In order to consider the phenomenon during mold filling, for simplicity, the analysis was carried out only for the heat conduction without considering the solidification. Therefore, the range over the liquidus temperature is significant in the calculation result. As a numerical calculation method, the finite differential method was used. In this analysis, the following simplified method 6) was applied for the molten metal flow. It was assumed that the melt surface moves step by step so that the melt surface agrees with the finite difference mesh. In the interval for the melt surface moving to the next mesh, the heat conduction calculation was carried out under the condition of fixed melt surface. The time in which melt surface moves to the next mesh was decided from the melt velocity. Table 2 shows the main physical properties used in calculations. The values for a pure aluminum alloy were used for physical properties of the molten aluminum alloy at 973 K. 9) The measured values by authors were used for a thermal conductivity and a bulk density of the dry sand packed bed 10) and the literature data of the sand mold 9) was used for a specific heat. The values shown in Table 1 were used for a thermal conductivity of the coat layer. The experimental values in this work were used for a melt velocity and a melt temperature at ingate and their values were assumed to be a constant value. ∂T/∂y =0 Figures 3 and 4 show the experimental data of the temperature change with the distance from the ingate y as a parameter for the normal coat and the high permeability coat, respectively. Figure 3 presents the experimental result shown in the previous report, 6) and is for the comparison with the result of the high permeability coat shown in Fig. 4 .
Results and Discussion
In Figs. 3 and 4 , with increasing of the flow direction distance y, the temperature rising position deviates backward, and the maximum temperature after rising gradually decreases. Those maximum temperatures were defined as melt surface temperatures at the position y. The average melt velocity can be defined from the time difference of the temperature rise at y = 10 and 190 mm, and is calculated 27 mm/s for the normal coat shown in Fig. 3 . The melt velocity in case of the high permeability coat shown in Fig. 4 is 72 mm/s, and larger than that for the normal coat shown in Fig. 3 because the coat permeability is larger than the normal coat.
In Fig. 3 for the normal coat, at y = 145 and 190 mm, after the temperature rises, the melt temperature is almost constant without decreasing. The reason may be that the melt surface temperature has decreased to a liquidus temperature when the molten metal reached these positions. In Fig. 4 for the high permeability coat, though the melt surface temperature at y = 10 mm is an almost equal value as the normal coat shown in Fig. 3 , the maximum temperature after rising is higher than the liquidus temperature even at y = 190 mm, and higher than that for the normal coat as shown in Fig. 3 . Figure 5 shows the melt surface temperature as a function of the distance from ingate y obtained from the temperature change in Figs. 3 and 4 . The marks in the figure present the experimental values for the normal coat and the high permeability coat. The solid line and the broken line in this figure show the numerical predictions. These predictions were calculated by using h = 350 W/m 2 K as a heat transfer coefficient in the molten metal-coat interface and the experimental values of the melt velocity, and by setting the melt temperature at the ingate so that the calculated temperature at y = 10 mm is almost equal to the experimental value. With the increase of y, the melt surface temperature decreases. This degree of temperature drop to the melt flow direction for the high permeability coat is smaller than that for the normal coat. This can be explained as follows. It is considered that the melt velocity for the high permeability coat is larger, and the time in which the melt surface reached the arbitrary distance y is smaller than those values for the normal coat. Therefore the heat release time into the mold for the high permeability coat is shorter than that for the normal coat. There is no change of the melt surface temperature over y = 145 mm in the case of the normal coat. It seems that this result is due to the melt surface temperature drop to about 885 K of the liquidus temperature. However in the case of the high permeability coat, the melt surface temperature is higher than the liquidus temperature even at y = 190 mm. From those results, when a high permeability coat was used, the fluidity length in which the melt surface temperature decreases to the liquidus temperature is longer than that for a normal coat, and there is a smaller possibility of a misrun. The average value of the temperature drop of the melt surface per unit fluidity length can be obtained from the gradient by the linearization of measured values in Fig. 5 . This value for the normal coat is 0.57 K/mm and that for the high permeability coat is 0.25 K/mm. The above calculation for the normal coat was carried out within 10 to 145 mm of y, because the melt surface temperature has decreased to the liquidus temperature at the position of y = 145 mm. From this result, the temperature drop of the melt surface for the high permeability coat is smaller than that for the normal coat, and about 44% of the normal coat. Experimental data on the melt surface temperature are in relatively good agreement with the calculated values under the condition over the liquidus temperature.
The adiabatic condition at the melt surface in this numerical analysis is examined as following. From the result of Fig. 4 , the heat release to the mold at the complete filling is calculated from the average temperature drop of the molten metal, and is about 9700 J. On the other hand, the heat transferred from melt surface to the EPS model is consumed in the thermal decomposition of the model. This heat is calculated with about 70 J using the decomposition heat 30 kJ/kg, 11) and is under 1% of the heat release to the mold. The heat transfer from the melt surface to the EPS model does not almost affect the temperature drop of the molten metal. Therefore, the adiabatic condition in the melt surface would be appropriate.
The effect of a high permeability coat described above was compared with the effect of a high insulating coat reported previously. 6) Figure 6 is a similar plot as Fig. 5 , and obtained from the experimental results of the high insulating coat in the previous report. 6) From Fig. 6 , though the melt surface temperature at y = 145 mm for the normal coat has decreased to the liquidus temperature, that for the high insulating coat is higher than the liquidus temperature even at y = 190 mm. Therefore, the degree of temperature drop to the melt flow direction for the high insulating coat is smaller than that for the normal coat. The average value of the temperature drop of the melt surface per unit fluidity length for the high insulating coat is 0.30 K/mm, and about 53% for the normal coat. This result is similar to the case of the high permeability coat as shown in Fig. 5 . From those results, the effect in using a high permeability coat mentioned above is almost similar to the effect in using a high insulating coat in the previous report. Quantitative considerations on the effects of the coat permeability on the melt velocity and on the melt surface temperature are necessary. The first consideration of the effect of the coat permeability on the melt velocity is examined as following. From the experimental results shown in Figs. 3 and 4 , even if the coat permeability increases about 16 times, the melt velocity increases only about three times. The reason for this may be considered as following. Though the permeability of the coat increases, the gas layer thickness of the thermal decomposition gas decreases and the exhaust area of the gas decreases.
3) Therefore the relationship between the coat permeability and the melt velocity is not linear, and it is difficult to predict the melt velocity from the coat permeability. Further consideration on the effect described above is not discussed, and will be reported in the next report.
The second consideration of the effect of the melt velocity on the temperature drop of the melt surface was examined as following. As previously mentioned, because it is difficult to set at the experimental condition of an arbitrary melt velocity, the effect of the melt velocity on the melt surface temperature was considered based on a numerical analysis. Figure 7 shows the numerical predictions for the melt surface temperature as a function of the distance from the ingate y with the melt velocity as a parameter. In these calculations, the value of h = 350 W/m 2 K was used as a heat transfer coefficient in the molten metal-coat interface, and the condition of the melt temperature at the ingate was similar to the case shown in Fig. 4. From Fig. 7 , the degree of temperature drop to the melt flow direction is smaller as the melt velocity is larger. Under the condition in this calculations, when the melt velocity increases from 20 to 100 mm/s, the temperature drop decreases to 23% and is almost proportional to the reciprocal of the melt velocity.
Conclusion
The aluminum alloy casting was cast using the plate EPS pattern coated by a high permeability coat, and the temperature change of the melt surface to the melt flow direction was measured. The numerical simulation was carried out for the heat transfer from the molten metal to the mold through the coat. The following conclusions were drawn from this experimental and analytical study.
(1) When a high permeability coat is used, the melt velocity is greater and the temperature drop of the melt surface is smaller than the case for a normal coat, and this effect is similar to the case for a high insulating coat.
(2) Experimental data on the temperature drop at the melt surface to the melt flow direction are in relative agreement with the calculated values. Fig. 7 Effect of melt velocity on numerical solutions for melt surface temperature.
S. Koroyasu and A. Ikenaga 
